Asteroseismic investigations based on the wealth of data now available, in particular from the CoRoT and Kepler missions, require a good understanding of the relation between the observed quantities and the properties of the underlying stellar structure. Kallinger et al. (2012) found a relation between their determination of the asymptotic phase of radial oscillations in evolved stars and the evolutionary state, separating ascending-branch red giants from helium-burning stars in the 'red clump'. Here we provide a detailed analysis of this relation, which is found to derive from differences between these two classes of stars in the thermodynamic state of the convective envelope. There is potential for distinguishing red giants and clump stars based on the phase determined from observations that are too short to allow distinction based on determination of the period spacing for mixed modes. The analysis of the phase may also point to a better understanding of the potential for using the helium-ionizationinduced acoustic glitch to determine the helium abundance in the envelopes of these stars.
INTRODUCTION
The observations of stellar oscillations carried out by the CoRoT (Baglin et al. 2009 ) and Kepler (Borucki et al. 2010) missions have revolutionized asteroseismology, by providing extensive photometric data of high quality for a large number and great variety of stars. This includes a very substantial number of stars showing solar-like oscillations, i.e., modes that are intrinsically damped and excited stochastically by vigorous near-surface convection.
A particularly interesting case are the red-giant stars, representing late evolutionary phases of low-and moderate mass-stars (see, for example, Kippenhahn et al. 2012 for a general overview of stellar evolution; for a detailed discussion of the properties of red giants, see Salaris et al. 2002) . After completing central hydrogen fusion stars evolve towards lower effective temperature T eff , before ascending the redgiant branch (RGB) with increasing luminosity and nearly constant T eff . This evolution is driven by the formation of a helium core whose mass grows through the continued hydrogen fusion in a shell around the core, while the core radius ⋆ E-mail: jcd@phys.au.dk decreases. This is accompanied by a strong increase in the surface radius. When the temperature in the core becomes sufficiently high, fusion of helium to carbon and oxygen sets in. For stars of mass lower than around 1.8 M⊙ the pressure in the inert helium core is dominated by degenerate electrons and helium fusion starts as a run-away process, the so-called helium flash, leading to a complex and poorly modelled evolution, before the star settles down to quiescent helium fusion. For higher-mass stars the core is non-degenerate, and helium fusion starts in a more regular fashion. The ignition of helium leads to an expansion of the core and a corresponding contraction of the envelope, decreasing the surface radius and hence the luminosity, with a slight increase in T eff . In both cases the hydrogen-fusing shell outside the helium core continues to contribute a substantial fraction of the total surface luminosity. Stars in the core helium-fusion phase are often referred to as 'clump' stars, from the location of such stars in the so-called 'red clump' in colour-magnitude diagrams of open clusters. For field stars, as opposed to cluster stars, it is very difficult to distinguish between RGB and clump stars based just on their observed surface properties, given the scatter induced, e.g., by differences in metallicity.
To ascertain the diagnostic potential of the observed c 2013 RAS oscillations it is necessary to consider the properties of the observed oscillation modes (for a detailed discussion of these properties and asteroseismic diagnostics, see Aerts et al. 2010) . In red giants the compact core gives rise to a very high local gravitational acceleration and hence buoyancy frequency in the deep interior of the star. For non-radial modes, with spherical-harmonic degree l greater than 0, this leads to a dense spectrum of trapped internal gravity waves, or g modes, in the core. In the envelope the modes behave as acoustic waves, or p modes. Thus all non-radial modes have a mixed character, with g-mode behaviour in the core and pmode behaviour in the envelope. At certain frequencies there is a resonance with the acoustic behaviour in the envelope, leading to modes of predominantly p-mode character, with larger amplitudes in the envelope than in the core. Owing to their lower inertia such modes are easier to excite by the near-surface convection and hence are generally more visible in the observations (e.g., Dupret et al. 2009 ). To these non-radial modes must be added the spherically symmetric, or radial, modes with l = 0 which are of purely acoustic character.
A major early breakthrough from the CoRoT observations of red giants was the identification of non-radial acoustically dominated modes (De Ridder et al. 2009 ). Remarkably, this was soon followed by the detection of additional modes of degree l = 1 with a substantial g-mode component (Beck et al. 2011) . Such modes are characterized by the period spacing between adjacent modes, which is determined by the buoyancy frequency in the deep interior of the star and hence provides a diagnostics of conditions in the core. As a very important result it was shown by Bedding et al. (2011) and Mosser et al. (2011a) that the period spacing is substantially higher in clump stars than in RGB stars, providing a first clear observational separation, applicable to individual stars, between these two classes. This obviously requires a clear observational identification of the g-dominated modes. Such an identification has been possible on the basis of observations over several years that were obtained during the nominal Kepler mission (e.g., Mosser et al. 2012; Silva Aguirre et al. 2014) . However, the shorter duration of the observations in the K2 extension of Kepler (Howell et al. 2014) and for the TESS mission (Ricker et al. 2014 ) makes unlikely a detailed analysis of g-dominated modes.
Here we concentrate on the acoustically dominated modes which, as mentioned above, are probably those that are most easily observable. Acoustic modes satisfy an approximate asymptotic relation which can be written
(e.g., Tassoul 1980) , where ν nl is the cyclic frequency of the mode of radial order n and degree l. The separation between modes of the same degree and adjacent order (the so-called large frequency separation) is approximately given by
where c is the adiabatic sound speed and the integral is over distance r to the centre of the star, extending to a suitable value R * near the surface of the star. In equation (1) ǫ is a phase which, as extensively discussed below, depends on frequency and is probably predominantly determined by the properties of the near-surface layers of the star, and d 0l is a small correction. This expression can relatively simply be derived for main-sequence stars where d 0l provides a useful diagnostic of the evolutionary stage (e.g., Christensen-Dalsgaard 1984 , 1988 Ulrich 1986 ). The applicability of equation (1) to red giants is perhaps less obvious, in the light of their compact core, but is clearly shown both by stellar models and by observations of red giants (e.g., De Ridder et al. 2009; Bedding et al. 2010; Huber et al. 2010) , leading to the introduction of the socalled 'universal pattern' (Mosser et al. 2011b; see, however, Stello et al. 2014) . It follows from simple homology relations that ∆ν scales as the square root of the mean density of the star, (Ulrich 1986 ). Thus determination of ∆ν from observations provides a strong constraint on the global properties of the star, although corrections to this scaling may be required, as discussed, e.g., by White et al. (2011) and Miglio et al. (2012) . However, as a result of the frequency dependence of ǫ the actual separation between adjacent modes,
in general differs from the asymptotic separation ∆ν. This must be taken into account when the scaling relation (3) is applied to values of ∆ν estimated from the observed frequencies. On the other hand, the frequency dependence of ∆ν nl provides diagnostics of the outer layers of the star, including the envelope helium abundance (e.g., Miglio et al. 2010) . A second important global asteroseismic diagnostics is the frequency νmax where the power density is maximum. This can be determined relatively accurately by fitting, e.g., a Gaussian to the envelope of power. It has been found observationally (e.g., Brown & Gilliland 1994; Stello et al. 2008) , with some theoretical support (Belkacem et al. 2011) , that νmax scales as the acoustic cut-off frequency in the stellar atmosphere, leading to
where T eff is the effective temperature. Given an observational determination of T eff the radius and mass of a star can be determined from observed values of ∆ν and νmax (e.g., Kallinger et al. 2010) . Kallinger et al. (2012) emphasized the ambiguity of the observational determination of ∆ν, depending on the selection of modes actually observed, and argued that this might hide significant dependencies of the inferred global asteroseismic parameters. They noted that the large-scale variation of ǫ, reflected in the curvature of the ridges in anéchelle diagram, quite generally appears to have a local extremum near νmax and hence proposed to base the analysis on just a few radial modes in the vicinity of νmax. This has the added advantage that these modes may be expected to be the most visible. Specifically, they chose the radial mode, with order n = nc, closest to νmax, and defined the large separation by
From this they also obtained, as a measure of the phase ǫ, ǫc = νn c 0 ∆νc mod 1 .
Kallinger et al. used this procedure to analyse a large number of red-giant stars for which the evolutionary phases (RGB or clump) were already known from their mixed-mode period spacings. They presented their results in a (∆νc, ǫc) diagram. Interestingly, they found evidence for a distinction in ǫc between clump and RGB stars at fixed ∆νc, proposing the use of ǫc as a diagnostics to identify clump stars based on just the radial-mode frequencies. Given the general preconception that ǫ is determined mainly by the surface layers, and the fact that the structural differences between clump and RGB stars are predominantly in the core, such a significant signature may be somewhat surprising.
Here we analyse the origin of the difference in behaviour between the RGB and the clump model. Section 2 presents results for stellar evolution models of various masses. In Section 3 we analyse the relevant properties of stellar oscillations for models on the RGB and in the clump and relate the difference in ǫc to the properties of the convection zones of the two stars; a further analysis of the convection-zone properties is provided in Appendix A. Finally, Section 4 gives a discussion of the results and summarizes our conclusions.
STELLAR MODELLING
We computed evolutionary tracks using the GARching STellar Evolution Code (GARSTEC; Weiss & Schlattl 2008) . The input physics included the NACRE compilation of nuclear reaction rates (Angulo et al. 1999) , the Grevesse & Sauval (1998) solar mixture, OPAL opacities for high temperatures supplemented by low-temperature opacities from Ferguson et al. (2005) , the 2005 version of the OPAL equation of state and the mixing-length theory of convection as described by Kippenhahn et al. (2012) . Convective overshooting and diffusion of helium and heavy elements were not considered. The parameters of the models were chosen to correspond to a calibrated solar model, including diffusion and settling of helium and heavy elements; this resulted in the convective efficiency αMLT = 1.791 and initial abundances by mass of hydrogen and heavy elements of 0.712 and 0.0192. The left panel in Fig. 1 shows resulting evolution tracks for three different masses.
Detailed calculations of individual frequencies were obtained for masses of 1.0, 1.5, and 2.0 M⊙ using the Aarhus Adiabatic Oscillations Package (ADIPLS; Christensen-Dalsgaard 2008) . From the frequencies ∆νc and ǫc were determined as described above. The results are shown in the right panel of Fig. 1 . There is a clear distinction between the RGB models, at higher ǫc, and the clump models, at lower ǫc, as also inferred by Kallinger et al. (2012) .
In the following we discuss in detail the pair of 1 M⊙ models, MRGB and MRC, at the same radius and approximately the same ∆νc on the RGB and in the clump, respectively. The models are connected by the black dashed line in the right panel of Fig. 1 . Some details about the models are provided in Table 1 . The phase ǫc as a function of effective temperature for models at fixed radius (10.69 R ⊙ ). Solid line: RGB models with α ML = 1 (cooler) to 3 (hotter). The diamonds connected by a dashed line show models at fixed α ML (cf. Fig. 1 shows a significant difference between ǫc between RGB and clump models at fixed ∆ν for a given mass, and hence at approximately fixed radius and surface gravity. Here we aim at determining the dominant reason for this difference. One possibility would be that ǫc is directly related to the effective temperature, which is the principal difference between the superficial properties of the RGB and clump stars, on the assumption that ǫc is predominantly determined by the stellar surface layers. At the opposite extreme ǫc might somehow be directly related to the stellar core, the site of the most fundamental differences between the two types of stars.
ANALYSIS OF THE ASYMPTOTIC PHASE
To test the assumption that the difference in ǫc is related to the difference in effective temperature between RGB and clump we computed a set of evolution sequences for the RGB, varying the mixing-length parameter αML to change T eff at given radius. We selected models at fixed radius and evaluated ǫc as discussed above. In Fig. 2 the results are compared with a pair of models of the same mass and radius on the RGB and the clump, discussed in more detail below. It is evident that the change in ǫc from RGB to clump is quite different from the effect expected simply from the change in T eff . The effect on ǫc must therefore have a more deep-seated origin.
The most dramatic difference between the structure of the RGB and clump model is obviously in the core. It was noted by Roxburgh & Vorontsov (2000 , 2003 that the phase in the asymptotic expression for acoustic-mode frequencies does indeed contain a contribution from the core of the star. This can be analysed in terms of the eigenfrequency equation
where ω = 2πν is the angular frequency, and
is the acoustic radius of the star; note, from equation (2), that ∆ν = 1/(2T0). The core phase δ l (ω) and the envelope phase α l = α(ω) can be obtained as functions of frequency by fitting partial solutions to the oscillation equations (i.e., solutions that do not satisfy all the boundary conditions) to the relevant asymptotic expressions. In the case of α this was developed in some detail by Christensen-Dalsgaard & Pérez Hernández (1992) (see also Brodsky & Vorontsov 1988; Vorontsov & Zharkov 1989; Roxburgh & Vorontsov 1996 , for a slightly different treatment of the envelope phase). As indicated, the envelope phase is independent of l for low-degree modes. As also noted by Kallinger et al. (2012) equation (8) is clearly equivalent to equation (1), with
and
Equation (10) shows explicitly the contribution, through δ0, to ǫ from the inner parts of the star. To relate ǫc as defined by Kallinger et al. (2012) to the properties of ǫ we note from equation (1), with l = 0 and d 0l = 0, equation (6) and equation (7), that
Thus ǫc depends on both ǫ(ν) and its variation with frequency. The phase functions were determined by matching computed partial solutions to the relevant asymptotic expressions, in terms of the function
where ρ is density and p ′ is the Eulerian pressure perturbation. In the inner part of the model the relevant form is
where ψc is obtained from a partial solution satisfying just the central boundary conditions; herẽ
is the acoustic distance to the centre. The term in l is included to acknowledge the behaviour of the solution in main-sequence stars, owing to the singular point at r = 0 (see Roxburgh & Vorontsov 2003) . In the outer parts of the model the relevant form is
where ψe is obtained from a partial solution satisfying just the surface boundary conditions and 
is acoustic depth. Note that δ l (ω) and α(ω) are defined for any frequency ω. The eigenfrequency equation, equation (8), follows from equations (14) and (16) by demanding that ψc and ψe represent the same solution which is continuous and with continuous first derivative at some suitable fitting point r f . The properties of α and δ0 and their effect on ǫc can be illustrated by considering models MRGB and MRC (cf .  Table 1 ), utilizing the fact that from equation (10) ǫ can be obtained as a continuous function of frequency. The core and envelope phases for these models are illustrated in Fig. 3 and the resulting ǫ is shown in Fig. 4 ; here the phases were determined by fitting the solutions to the relevant asymptotic expressions (equations 14 and 16) near r/R = 0.75, chosen to be below the region of varying adiabatic compressibility Γ1 (cf. Fig. 5) . Interestingly, the overall difference between the two models is similar for δ0 and α, and hence the scale of the difference in ǫ is modest. However, there are clear differences in the frequency dependence of α and hence ǫ. This has a substantial effect on ǫc through the denominator in equation (12).
To make this explicit and separate the contributions from δ0 and α we first linearize the change in ǫc in the changes in ǫ. We introduce ǫ0 = ǫ(νn c 0), ǫ+ = ǫ(νn c+1 0) and ǫ− = ǫ(νn c −1 0). Then according to equation (12) 
where the second equality was found to be satisfied for the models considered here, or
Linearizing this in small changes δǫ to ǫ we obtain 
It is obvious that δǫ = π −1 (δα − δ(δ0)). Thus equation (20) can be used to estimate the separate contributions from the core, through δ(δ0), and from the envelope, through δα.
Some numerical results are shown in Table 2 , comparing a pair of RGB models with different T eff (cf. Fig. 2 ) with the RGB and clump pair. The linearized expression in equation (20) recovers the actual difference in ǫc to within 2 per cent. Also, the envelope contribution is completely dominant, by more than a factor of 6 in the RGB -clump case, thus confirming what one might have naively expected. This dominance is even stronger, obviously, for models along the sequence of RGB models with varying αML, given that in this case there is little variation in the internal structure.
To understand the origin of the strong difference in behaviour as a function of T eff seen in Fig. 2 we note that the oscillations in ǫ as a function of frequency (cf. Fig. 4 ) are strongly reminiscent of the effect on the frequencies of the acoustic glitch associated with the second helium ionization zone, induced by the variation in Γ1 (Gough 1990; Vorontsov et al. 1991 ; for a detailed analysis of the effects of Table 2 . Comparison of phases in two pairs of 1 M ⊙ models, all with radius 10.69 R ⊙ . The central column compares two RGB models of different mixing length (cf. Fig. 2 ), whereas the righthand column compares the RGB model M RGB (1) and the clump model M RC (2). The phases ǫc were determined from equation (12) based on the phase function ǫ(ν), and linearized difference was obtained from equation (20), with corresponding determination of the δ (core) and α (envelope) contributions. the helium glitch, see Verma et al. 2014) . A glitch located at a depth τg gives rise to a variation in the frequency, and correspondingly in ǫ, of the form sin(2ωτg) and hence with a 'period' in cyclic frequency of 1/(2τg). Fig. 5 shows Γ1 in the two models, clearly showing that the acoustic glitch from the second helium ionization zone in the clump model is somewhat shallower in acoustic depth and of larger amplitude than in the RGB model. Correspondingly, at least in a qualitative sense, the oscillatory variation of ǫ in the clump model (cf. Fig. 4 ) is stronger and with a longer period than in the RGB model, causing differences in the behaviour around νmax and hence in ǫc.
RGB
As a further illustration of the origin of the different properties of ǫc between the clump and RGB model, Fig. 6 shows differences between these two models. The direct effect on ǫ(ν) is undoubtedly related to the difference in c 2 which, assuming the ideal gas law and given that the composition is essentially the same, is proportional to Γ1T . Thus the sound-speed difference arises from the sum of the differences in T and Γ1, with the sharp feature dominated by Γ1, as assumed in the discussion of the glitches above. These differences arise from a difference in the thermodynamic state between the convective envelopes in the two models, related to a substantial difference in the adiabatic constant, characterized by p/ρ Γ 1 in the deeper parts of the convection zone. In particular, in the bulk of the convection zone the density at fixed fractional radius is lower by about a factor 0.4 in model MRC, compared with model MRGB. This leads to an increase in the degree of ionization in the clump model relative to the RGB model, and hence to the outward shift in the location of helium ionization, reflected in Γ1 (cf. Fig.  5 ). The difference in density appears to be related to the fact that a larger fraction of the mass is contained in the compact helium core in the clump model; we discuss this in more detail in the Appendix. In the corresponding pair of RGB models with different mixing length the differences in the adiabatic constant, and other thermodynamic quantities, are minimal. The increase in the effective temperature at fixed radius, caused by the increase in the mixing length, is accompanied by a decrease in the temperature in the bulk of the convection zone; this is a consequence of the increase in the convective efficacy and hence a decrease in the superadiabatic temperature gradient. This leads to a shift of the second helium ionization zone to slightly greater acoustic depth, causing the modest increase in ǫc (cf. Fig. 2 and Table 2 ).
The analysis in the Appendix provides a more detailed understanding of the properties of the convective envelope and its relation to the core of the star, expressed in terms of the adiabatic constant K in the bulk of the convection zone. An interesting result is the dependence on K of the temperature and sound speed in the deeper parts of the convection zone. This appears to be related, at least in a qualitative sense, to a feature noted by Miglio et al. (2012) in fitting global asteroseismic observations for RGB and clump stars; Miglio et al. showed that differences in the soundspeed structure between these two classes of stars have a significant effect when using the scaling relation (3) in such fits.
DISCUSSION AND CONCLUSIONS
The properties of the phase ǫc, determined according to Kallinger et al. (2012) from radial modes near the frequency of maximum oscillation power, provide an interesting diagnostic to separate stars on the red-giant branch from clump stars. We have demonstrated that this effect is not a direct result of the substantial differences in core structure between these two classes of stars. Instead, it is caused by differences in the thermodynamic state of the convection zone, shifting the location in acoustic depth of the acoustic glitch caused by the second helium ionization zone. We have analysed this in terms of the phase function ǫ(ν) which, as indicated, is defined for any frequency. The shift in the acoustic glitch causes a change in the oscillatory behaviour of ǫ and hence, as a result of the local nature of the definition used by Kallinger et al., a change in ǫc. The effect on ǫ of these changes in the model structure might instructively be analysed in terms of the kernels for the phase function introduced by Christensen-Dalsgaard & Pérez Hernández (1992) . We note that Vrard et al. (in preparation) fitted the variation in the separation of the radial modes as a function of frequency to take account of the glitch due to the signature of the discontinuity from the second helium ionization zone. They used the phase of this oscillatory signal as a function of νmax to explain the evolutionary classification based on ǫc proposed by Kallinger et al. (2012) . The observational approach by Vrard et al. is closely related to the theoretical analysis performed here, reaching consistent conclusions.
It is of obvious potential interest to use ǫc as a diagnostic of evolutionary state for shorter data sets where the mixed modes, and hence the g-mode period spacing, cannot be obtained. We have estimated the expected uncertainty in ǫc in 50-day observations, using standard error propagation, based on the scatter in the results of ∆νc obtained using the method described by Kallinger et al. (2012) for twelve 50-day datasets per star for nearly 1000 stars (Hekker et al. 2012) . This expected uncertainty is typically of order 0.05 -0.07 for stars in the frequency range of the red clump. We expect this to increase for even shorter datasets. As shown by Kallinger et al. (2012) the width of the scatter in ǫc for RGB stars is of the order of 0.1 while for clump stars the spread in ǫc is 0.2 to 0.3 (their Fig. 4) . The value of the expected uncertainty is such that we expect a significantly larger confusion rate at the boundary of the RGB and RC as indicated by the (arbitrary) limit defined by Kallinger et al. (2012) (dotted line in their Fig. 4 ). This confusion has not been defined by Kallinger et al., but is expected to be (at least partly) due to larger intrinsic uncertainties caused by the stochastic excitation of the oscillations which affects results from short datasets. The estimated uncertainty is not negligible compared with the difference at fixed ∆νc, of order 0.2, in ǫc between the RGB and the clump stars (cf. Fig. 1 and Table 1 ); even so, we expect that determination of ǫc from at least 50 days of observation will provide some separation between RGB and clump stars. For even shorter datasets, such as obtained over most of the sky with TESS, such a separation may be questionable but should certainly be investigated.
The variation with frequency of ǫ is directly related to the individual frequency separation ∆ν nl between modes of adjacent orders (cf. equation 4). Miglio et al. (2010) detected this variation in a red giant observed by CoRoT and used the period of the variation, reflecting the acoustic depth of the variation in Γ1 caused by the second helium ionization zone, as a diagnostics of the stellar properties. Miglio et al. also noted that the amplitude of the variation in principle provides a measure of the envelope helium abundance, although the available data did not allow a meaningful determination. The oscillatory behaviour of the envelope phase, or various combinations based on it, have been used extensively for estimating the solar envelope helium abundance, starting with Vorontsov et al. (1991) . Pérez Hernández & Christensen-Dalsgaard (1994a) pointed out that a cleaner measure could be obtained by filtering the phase function to take out the slowly varying part; this was used by Pérez Hernández & Christensen-Dalsgaard (1994b) to estimate the solar helium abundance, while Pérez Hernández & Christensen-Dalsgaard (1998) evaluated the diagnostic potential in main-sequence stars showing solar-like oscillations. Houdek & Gough (2007) investigated the diagnostics of the solar envelope on the basis of second differences of frequencies at fixed degree, to isolate the oscillatory component of the variation, and applying an asymptotic analysis of the near-surface behaviour of the oscillations to characterize the effect of the helium abundance on the seismic signature.
A detailed analysis of the potential for diagnostics of the helium ionization zone based on acoustic-mode frequencies in red giants was carried out by Broomhall et al. (2014) , on the basis of fits to second differences of frequencies similar to those of Houdek & Gough (2007) . Broomhall et al. noted the difficulties arising from the sparcity of the acoustically-dominated modes, and the complexity induced for dipolar modes by the mixed behaviour. Their results showed, as also found by Miglio et al. (2010) , that the acoustic depth of the helium ionization could be determined reasonably reliably, whereas the amplitude of the signal, reflecting the abundance of helium, was difficult to obtain with an accuracy providing a significant abundance determination, even with the nearly four years of data provided by the Kepler mission. It is possible that a more detailed analysis of the envelope phase, perhaps involving the filtering proposed by Pérez Hernández & Christensen-Dalsgaard (1994a) , could lead to a more robust determination of the abundance. This probably deserves further investigation. (A10) and (A13), for n = 3/2, corresponding to the value γ = 5/3 relevant for a fully ionized ideal gas.
dot-dashed curve in Fig. A2 . It is clear that our, relatively rough, approximation captures most of the effect on the temperature difference. Similarly, the variation in δ ln ρ in the deeper parts of the convective envelope can be accounted for by equation (A14). It is obvious that the analysis could be iterated by repeating the determination of ∆m using equation (A14); little further insight would be obtained from this, however.
The relations for the sound speed are closely related to the differences between RGB and clump stars, noted by Miglio et al. (2012) , in the scaling relation for ∆ν. The integral in equation (2) is dominated by the contribution from the convective envelope. Using the approximation in equation (A5) clearly implies the commonly used scaling relation, i.e., that ∆ν ∝ (M/R 3 ) 1/2 . The correction factor in equation (A11) leads to a decrease in c, an increase in the integral and hence a decrease in ∆ν, relative to the simple scaling. This effect is stronger in the RGB model, owing to the larger value of q0, than in the clump model, leading to a smaller ∆ν in the former model at fixed mean density, as found by Miglio et al. (2012) . A more quantitative analysis of this effect and its influence on the diagnostics based on global asteroseismic parameters would be interesting, but is beyond the scope of the present paper.
To relate the properties of the convective envelopes to the surface properties of the stars we note that the bulk of the convection zone is at an essentially constant specific entropy s ad , related to the adiabatic constant in the region of nearly constant Γ1 by
apart from an arbitrary additive constant. The change in entropy between the photospheric value s ph and s ad is determined by the superadiabatic gradient near the top of the convection zone, where ∇ = d ln T /d ln p, ∇ ad is its adiabatic value, cp is the specific heat at constant pressure, p ph is the photospheric pressure and the upper limit of the integral is at a point in the adiabatically stratified interior of the convection zone. The superadiabatic gradients in models MRGB and MRC are illustrated in Fig. A4 . It is evident that ∇ − ∇ ad , and hence the integral in equation (A16), is bigger in MRC than in MRGB; this dominates the fact that K is bigger in the former model, corresponding to the lower density and hence the difference in the ionization of helium leading to the difference in ǫc. The behaviour of ∇ in the superadiabatic region, at the assumed fixed mixing length, is dominated by the fact that the opacity is higher in model MRC than in MRGB, owing to the higher effective temperature and hence higher photospheric temperature and the strong temperature dependence of the dominant H − opacity. This leaves open the question of the dominant causation in the difference between the thermodynamic state of the two models. It seems plausible to us that the main effect must be the higher mass in the core and the consequent lower density in the convective envelope, at fixed stellar radius. The properties of the superficial parts of the convective envelope have to respond to this, requiring the higher superadiabatic gradient and hence the higher effective temperature. Further investigations of this interplay between the interior and superficial properties of red giants appear worthwhile.
